Abstract It has long been known that epigenetic changes are inheritable. However, except for DNA methylation, little is known about the molecular mechanisms of epigenetic inheritance. Many types of stem cells undergo asymmetric cell divisions to generate self-renewed stem cells and daughter cells committed for differentiation. Still, whether and how stem cells retain their epigenetic memory remain questions to be elucidated. During the asymmetric division of Drosophila male germline stem cell (GSC), our recent studies revealed that the preexisting histone 3 (H3) are selectively segregated to the GSC, whereas newly synthesized H3 deposited during DNA replication are enriched in the differentiating daughter cell. We propose a two-step model to explain this asymmetric histone distribution. First, prior to mitosis, preexisting histones and newly synthesized histones are differentially distributed at two sets of sister chromatids. Next, during mitosis, the set of sister chromatids that mainly consist of preexisting histones are segregated to GSCs, while the other set of sister chromatids enriched with newly synthesized histones are partitioned to the daughter cell committed for differentiation. In this review, we apply current knowledge about epigenetic inheritance and asymmetric cell division to inform our discussion of potential molecular mechanisms and the cellular basis underlying this asymmetric histone distribution pattern. We will also discuss whether this phenomenon contributes to the maintenance of stem cell identity and resetting chromatin structure in the other daughter cell for differentiation.
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Asymmetric cell divisions of adult stem cells
Stem cells are unique in their ability to both self-renew and give rise to a variety of differentiated cell types. Adult stem cells are naturally existing cell populations that maintain tissues, such as blood, intestine, muscle, skin, and the gonads. Many of them undergo asymmetric cell division to generate a self-renewed stem cell and a daughter cell which will subsequently enter differentiation (Betschinger and Knoblich 2004; Clevers 2005; Morrison and Kimble 2006; Inaba and Yamashita 2012) . Normal activities of adult stem cells are required for homeostasis, tissue regeneration, and fertility. The misdetermination of stem cell fate or the malfunction of stem cell derivatives are common causes of human diseases, such as diabetes, muscular dystrophy, neurodegenerative disease, infertility, and many forms of cancer (Feinberg et al. 2006 ; Morrison and Kimble 2006; Rando 2006; Rossi et al. 2008) . It is of particular interest to understand the molecular circuitries underlying the unique features of adult stem cells. The Drosophila male and female germline stem cells (GSCs) are among the best characterized adult stem cell systems in terms of their physiological locations, microenvironments or niches, cellular structures, and the signaling pathways that maintain their stem cell identities (Fuller and Spradling 2007; Morrison and Spradling 2008; Losick et al. 2011) . Like many other types of adult stem cells [see (Morrison and Kimble 2006; Knoblich 2008; Inaba and Yamashita 2012) for reviews on asymmetric cell division], GSCs undergo asymmetric cell division (ACD) to balance self-renewal and differentiation for tissue homeostasis. Taking male GSC as an example, the ACD outcome is ensured by both extrinsic cues in the niche and intrinsic factors in the GSC Fuller and Spradling 2007) . One critical extrinsic cue for male GSC is the Unpaired (Upd) ligand for the JAK-STAT signaling pathway. Upd emanates from a group of post-mitotic cells at the tip of fly testis, constituting a "hub" structure (Kiger et al. 2001; Tulina and Matunis 2001; Toledano et al. 2012) . Activated JAK-STAT signaling is required for maintaining GSCs, which are attached to hub cells by adherens junctions (Kiger et al. 2001; Tulina and Matunis 2001; Yamashita et al. 2003; Leatherman and Dinardo 2008; Inaba et al. 2010; Leatherman and Dinardo 2010) . In addition to extrinsic signals, intrinsic factors inside male GSCs also contribute to the proper ACD of GSCs. For example, male GSCs always retain the mother centrosome that is anchored at the GSC-hub interface, while the newly synthesized daughter centrosome migrates to the opposite end of GSC. This asymmetric segregation of centrosomes serves as an important intrinsic mechanism to set up proper spindle orientation for ACD of GSCs (Yamashita et al. 2003; Yamashita et al. 2007) . Interestingly, in GSC where centrosomes are misoriented, mitotic spindle does not form, therefore, GSC is arrested and cannot proceed with mitosis. This phenomenon has promoted the "centrosome orientation checkpoint" hypothesis as an intrinsic mechanism to ensure ACD (Cheng et al. 2008; Inaba et al. 2010; Roth et al. 2012; Yuan et al. 2012a) .
Epigenetic inheritance to maintain cell identity
In eukaryotic nuclei, DNA is organized into nucleosomes by wrapping around histone octamers [2×(H3, H4, H2A, H2B)], which act as fundamental units to form the higher-order chromatin structure. Epigenetic mechanisms that alter chromatin structure, while preserving primary DNA sequences, contribute significantly to "cellular memory," which maintains a particular cell fate through many cell divisions (Jacobs and van Lohuizen 2002; Turner 2002; Ringrose and Paro 2004) . Epigenetic regulation can occur at the level of DNA itself, such as DNA methylation, or at DNA-associated proteins, such as histones. The extensive post-translational modifications of histones have profound impacts on regulating gene expression (Jenuwein and Allis 2001; Schreiber and Bernstein 2002; Turner 2002; Fischle et al. 2003; Berger 2007) . Adult stem cells may have a chromatin structure distinct from differentiated cells for their unique molecular characteristics, such as gene expression pattern (Jenuwein and Allis 2001; Jaenisch and Young 2008; Eun et al. 2010 ) and alternative splicing pattern (Chepelev and Chen 2013) .
Among all epigenetic mechanisms, DNA methylation is the best understood one responsible for epigenetic inheritance based on its semi-conservative manner of propagation (Martin and Zhang 2007; Bonasio et al. 2010 ). It has also been shown that certain histone modifications at constitutively active genes, such as hyperacetylation of H3 and H4 or H3K4me2/3 and H3K79me2, are maintained in mitotic cells when global transcription is shut off, suggesting that histone modifications could serve as molecular memory bookmarks to recapitulate the transcription activation domain after mitosis (Kouskouti and Talianidis 2005; Valls et al. 2005) . In addition to active histone modifications, repressive histone modifications, such as H3K9me3, also remain associated with chromatin during mitosis (Fischle et al. 2005) and is probably responsible for faithful inheritance of heterochromatin structure (Motamedi et al. 2004; Irvine et al. 2006) . However, it is unclear whether and how histone modification patterns could be inherited in stem cells and/or reestablished in their differentiating daughter cells during ACD.
Replication-coupled canonical histone deposition
The bulk of canonical histones are synthesized and incorporated during DNA replication when the entire genome duplicates. During this process, it is commonly accepted that H3 and H4 are incorporated as a tetramer, while H2A and H2B are incorporated as dimers (Jackson and Chalkley 1981a, b; Russev and Hancock 1981; Annunziato et al. 1982; Xu et al. 2010) . Replication-dependent histone deposition is a highly regulated process and requires an orchestrated series of events, including disruption and recycling of preexisting octamers, as well as deposition of newly synthesized histones at the replication fork (Corpet and Almouzni 2009) . Abnormal nucleosome assembly and deposition could cause failure in genome stability and increased sensitivity to DNA damage, which may lead to tumorigenesis and other diseases. This process must be coordinated very efficiently to assemble chromatin right after the passage of replication fork (Gasser et al. 1996; Guilbaud et al. 2011; Smith and Whitehouse 2012) .
Incorporation of newly synthesized histones is facilitated by chromatin remodeling complexes (Saha et al. 2006) , histone chaperones (De Koning et al. 2007) , and histone-modifying enzymes (Corpet and Almouzni 2009) . Chromatin remodelers have ATPase activity, which can slide nucleosome and facilitate disruption of preexisting nucleosome in preparation for replication-coupled reformation. Newly synthesized histones first undergo specific modifications at their N termini; for example, lysine 56 of H3 and lysine 5 and 12 of H4 are acetylated (Ai and Parthun 2004; Masumoto et al. 2005) . The acetylation marks of H3 and H4 allow their binding to histone chaperones CAF-1, ASF-1, and Rtt106 to facilitate H3-H4 assembly and deposition (Verreault et al. 1996; Recht et al. 2006; Chen et al. 2008; Li et al. 2008) . Histone chaperones coordinate deposition of newly assembled histones through direct interaction with proliferating cell nuclear antigen (PCNA), a processivity factor for DNA polymerase, at the replication fork (Shibahara and Stillman 1999; Moggs et al. 2000) . After deposition, the acetylated histone modifications are removed by HDAC (Ruiz-Carrillo et al. 1975; Jackson et al. 1976) .
In addition to acetylation, histone lysine methylations may also play important roles during epigenetic inheritance. For example, increasing evidence indicates that "cellular memory" of Homeobox gene expression is maintained by a balance between the repressive H3K27me3 and active H3K4me3 marks generated by the polycomb group (PcG) and the trithorax group (TrxG) complexes, respectively (Ringrose and Paro 2004; Hansen and Helin 2009; Zhu and Reinberg 2011) . Interestingly, PcG remains at the DNA replication forks in vitro (Francis 2009a, b; Francis et al. 2009) . Interactions between two different PcG complexes through dimerization can prevent their dissociation from chromatin during DNA replication Lo et al. 2012) . A recent in vivo study examined histone methylation marks in S phase cells from Drosophila embryos (Petruk et al. 2012) . Consistent with the in vitro work, this study shows that both PcG and TrxG proteins bind to newly synthesized DNA at their response elements and associate with PCNA. However, neither H3K4me3 nor H3K27me3 was detected at replication forks in S phase cells. Instead, unmodified H3 was found to be in close proximity to PCNA and newly synthesized DNA. These data suggest that histonemodifying enzymes reestablish histone methylation patterns after the passage of replication fork.
Despite increased knowledge on incorporation of newly synthesized histones during DNA replication, our understanding about whether and how preexisting histones are recycled at replication forks is limited.
Transmission of histone modification information from mother cell to two daughter cells is critical for reliable inheritance. On the other hand, resetting this information may be important when the two daughter cells must distinguish from each other during ACD of adult stem cells or different fate choices during lineage specification.
Replication-independent histone variant deposition
Increasing evidence indicates that histone variants influence epigenetic inheritance via a transcriptioncoupled mechanism (Henikoff et al. 2004a, b) . However, in contrast to canonical histones, deposition of the histone variants is replication-independent. One of the best characterized histone turnovers during transcription is the replacement of canonical H3 with the H3.3 variant (Ahmad and Henikoff 2002b; Schwartz and Ahmad 2005) . This replacement is more frequent at gene regulatory regions such as TrxG and PcG response elements, actively transcribed coding sequences, and replication origins (Mito et al. 2007; Deal et al. 2010 ). This process requires histone chaperones, such as HirA (Ray-Gallet et al. 2002) , Daxx, and Atrx (Drane et al. 2010; Goldberg et al. 2010) , as well as chromatin remodeling complexes (Konev et al. 2007 ). H3.3 can potentially transmit either active or repressive chromatin state to maintain the epigenetic memory of gene expression during mitosis or meiosis (Szenker et al. 2011) .
In addition to H3.3, other histone variants play distinct roles in a variety of different cellular processes (Kamakaka and Biggins 2005) . Among them, CENP-A is an H3 variant found specifically at the centromere region, which is also deposited in a replicationindependent manner (Ahmad and Henikoff 2002a) . CENP-A may play a critical role in differentially labeling the two sister chromatids for asymmetric epigenetic inheritance, which will be discussed later.
Two models to explain the unique molecular properties of stem cells
The "immortal strand" hypothesis To explain how stem cells maintain their unique genome and epigenome characteristics through successive cell divisions, the immortal strand hypothesis was postulated more than three decades ago. It holds that stem cells retain "immortal" DNA strands to minimize the incidence of mutations, which may arise during pathological progression or aging and, in turn, lead to stem cell abnormalities and dysfunctions (Cairns 1975 ).
Evidence to support or oppose this hypothesis has accumulated [discussed in (Lansdorp 2007; Rando 2007 ) and other reviews in this issue]. In some systems, stem cells retain the parental DNA strands (Merok et al. 2002; Potten et al. 2002; Karpowicz et al. 2005; Smith 2005; Armakolas and Klar 2006; Shinin et al. 2006; Conboy et al. 2007; Karpowicz et al. 2009; Pine et al. 2010; Quyn et al. 2010; Rocheteau et al. 2012) , whereas in others, DNA strands segregate randomly (Kiel et al. 2007; Sotiropoulou et al. 2008; Waghmare et al. 2008; Fei and Huttner 2009; Yadlapalli et al. 2011a ). The apparent conflict may partially result from the fact that these experiments were performed in different cell types from distinct organisms, and some of them were not performed with adult stem cells in vivo. To test the "immortal strand" hypothesis, most studies have used pulse-chase with nucleotide analogs, e.g., bromodeoxyuridine (BrdU), to label older or newer strands. Thus, if parental DNA strands are labeled and become immortal, stem cells would have long BrdU retention. Alternatively, if the newer strands are labeled, they will not be retained in stem cells but specifically displaced to the differentiating cells. However, stem cells are not always identifiable at single-cell resolution. In addition, if the timing to label stem cells is not precise, it is possible that progenitor cells and even differentiated cells are labeled instead. Therefore, it is critical to have reliable markers to locate stem cells versus differentiating cells precisely.
The "silent sister chromatid" or "strand-specific imprinting and selective chromatid segregation" (SSIS) model Another explanation of the epigenetic inheritance of stem cells is the "silent sister chromatids" hypothesis (Lansdorp 2007) , which holds that sister chromatids carry different epigenetic marks at the centromeric region or at specific genomic loci in stem or progenitor cells. Conceivably there are two different epigenetic marks based on their distinct locations and functions: Nonequivalent centromeric epigenetic marks are required for nonrandom chromatid segregation, while different epigenetic marks at gene-enriched genomic loci regulate differential gene expression. In contrast to self-renewing cells, which selectively inherit chromatids with active expression of "stemness" genes, differentiated daughter cells inherit the chromatids silent for "stemness" genes. Similar to the "silent sister chromatids" hypothesis, the strand-specific imprinting and selective chromatid segregation (SSIS) model also proposes that epigenetically distinct sister chromatids cosegregate (Klar 1994 (Klar , 2007 .
Evidence supporting these two similar models came from experiments that can distinguish sister chromatids. For example, in one study, a genetic manipulation was introduced specifically to mouse chromosome 7, which showed biased sister chromatid segregation pattern in a cell type-specific manner (Armakolas and Klar 2006) . Recently, a CO-FISH (chromosome orientationfluorescence in situ hybridization) method was used to distinguish sister chromatids using unidirectional probes specific for centromeric or telomeric repeats and test for silent sister chromatid hypothesis (Falconer et al. 2010) . Using this method, it was shown that in a subpopulation of adult skeletal stem cells, all sister chromatids segregate asymmetrically with a bias for the parental DNA strand containing ones retained in the stem cells (Rocheteau et al. 2012 ). More recent work in Drosophila male GSC demonstrated that sex chromosomes (X and Y chromosomes), but not autosomes, have biased sister chromatid segregation (Yadlapalli and Yamashita 2013) .
In all these models discussed above, both centromeres and centrosomes are hypothesized to be asymmetric to achieve the asymmetric segregation pattern (Lansdorp 2007; Lew et al. 2008; Tajbakhsh and Gonzalez 2009) . Asymmetric centromeres may be established through leading versus lagging strand difference if replication of the centromeric region is biased toward a unidirectional movement of the replication fork, which has been shown in Escherichia coli (White et al. 2008 ). However, no evidence has shown unidirectional movement of replication fork in eukaryotic cells. Alternatively, asymmetric centromeres may be at the epigenetic level by their unique chromatin structure (Vagnarelli et al. 2008; Malik and Henikoff 2009; Verdaasdonk and Bloom 2011) . Asymmetric centrosome segregation has been reported in Drosophila male GSCs (Yamashita et al. 2007 ), neuroblasts (Rebollo et al. 2007) , and mouse neural progenitor cells (Wang et al. 2009 ). To test if asymmetric inheritance of centrosome may be utilized for biased segregation of DNA strands, BrdU was used to label newly synthesized DNA strands in asymmetrically dividing male GSCs; however, the results exhibit random segregation (Yadlapalli et al. 2011a) . Interestingly, in the same system, mutations in a centrosome component Cnn resulted in randomized centrosome segregation (Yamashita et al. 2007) , as well as randomized sex chromosome segregation (Yadlapalli and Yamashita 2013) . However, it remains unclear whether randomized centrosome is the causal reason for the loss of asymmetric sex chromosome segregation. Therefore, the connection between asymmetric centrosome segregation and biased DNA strand or sister chromatid inheritance will await future studies [ (Tajbakhsh and Gonzalez 2009 ) and (Yamashita 2013) ].
Asymmetric epigenetic inheritance in Drosophila male germline stem cells
Because stem cells and differentiated cells share the same genome, stem cells' unique molecular characteristics are defined by a distinct gene expression pattern and their ability to maintain this pattern over time. It is attractive to hypothesize that epigenetic mechanisms play an important role in determining stem cell fate and that epigenetic inheritance is critical for stem cell maintenance. However, most studies of epigenetic inheritance have been performed in vitro using biochemical tools [reviewed in (McNairn and Gilbert 2003; Martin and Zhang 2007) ], and none was from an in vivo stem cell system. We decided to study epigenetic inheritance in Drosophila male GSCs, based on several advantages of this system. (1) DNA methyl-transferase activity is almost negligible in adult flies (Hung et al. 1999; Lyko et al. 2000a, b; Richards and Elgin 2002) . Histones are likely major carriers of epigenetic information. Therefore, we focused our studies on histone inheritance, which simplifies the experimental design. (2) Drosophila GSCs can be identified by their distinct anatomical positions and morphological features within the fly testis. This makes it feasible to visualize these stem cells under their physiological conditions. (3) Male GSCs undergo consistent ACDs, and, remarkably, the two daughter cells from ACD of GSCs can be readily identified, enabling a direct comparison.
(4) The length of each stage of GSC cell cycle has been well characterized (Yamashita et al. 2003 (Yamashita et al. , 2007 Cheng et al. 2008; Sheng and Matunis 2011; Yadlapalli et al. 2011a ), allowing precise mapping of temporal changes in the context of cell cycle. (5) In addition to temporal changes, the existing Gal4/UAS system allows a great spatial resolution when using transgenes.
Based on existing knowledge and reagents, we developed a dual-color histone labeling system, similar to a previously reported strategy (Verzijlbergen et al. 2010) . Using this system, preexisting histones can be precisely distinguished from newly synthesized histones because an irreversible DNA recombination induced the old-to-new histone switch (Tran et al. 2012) . After the genetic switch in G2 phase GSCs (75 % among all GSCs), we allowed them to undergo one round of cell cycle because genome-wide incorporation of newly synthesized H3 occurs in S phase. We then traced the distribution of old versus new H3 in the GSC-GB (gonialblast) pair derived from the second mitosis of GSC after genetic switch. Strikingly, preexisting H3 was found to be asymmetrically distributed in GSCs, while newly synthesized H3 were enriched in GBs. Noticeably, when GSC and GB are connected by a cellular structure called spectrosome due to incomplete cytokinesis, both cells are undergoing the second S phase after genetic switch (Sheng and Matunis 2011; Yadlapalli et al. 2011a ). Because of the dynamic turnover of old H3 and incorporation of new H3 during S phase, the ratio of H3 in GSC versus GB has a wide range of distribution, which is more variable for old H3 (GFP ratio in GSC/GB) than for new H3 (mKO ratio in GB/GSC) (Fig. 1a) . This could be due to the more dynamic turnover of old H3 in GB or the limitation of sensitivity since quantification of fluorescence in fixed samples is not real-time and semi-quantitative.
As a control, we looked at the symmetrically dividing progenitor cells and found no evidence of asymmetric histone distribution (Fig. 1b) . We further screened for GSCs undergoing the second mitosis after genetic switch, in particular those at anaphase or telophase. We were very surprised to find that old and new H3 are asymmetrically segregated during ACD, suggesting that the asymmetric distribution of H3 in GSC-GB pair does not totally result from post-mitotic histone turnover.
As discussed earlier, JAK-STAT signaling is critical for GSC maintenance, and ectopic JAK-STAT activity leads to ectopic GSC self-renewal outside the niche environment (Kiger et al. 2001; Tulina and Matunis 2001; Dinardo 2008, 2010) . We found that the asymmetric H3 distribution pattern was lost in testis where ectopic JAK-STAT leads to symmetric GSC division. This result suggests that the asymmetric H3 distribution pattern relies on the different fates between the two daughter cells derived from ACD. However, because changing JAK-STAT activity affects many cellular and molecular features in GSCs, it is still difficult to distinguish whether the symmetric H3 distribution is a causal reason or consequential event for the loss of ACD.
Using the same labeling strategy, we also studied the histone variant H3.3. In contrast to H3, H3.3 does not exhibit this asymmetric pattern during GSC divisions (Fig. 1b) . H3 is mostly deposited during S phase, whereas H3.3 can be incorporated at any stage during cell cycle. The symmetric distribution pattern of H3.3 leads us to hypothesize that DNA replication may play a role in establishing this asymmetry. We also hypothesize that this asymmetric distribution of H3 may maintain the unique molecular properties of male GSCs. However, after a prolonged time after genetic switch (i.e., 3 days after heat shock), the preexisting H3 became undetectable in GSCs (Tran, V. unpublished) , suggesting that there is no "immortal histone." We therefore hypothesize that chromatin factors, such as histone-modifying enzymes, could modify newly synthesized H3 using information from preexisting H3, after which preexisting H3 could be dispensable during the next cell cycle. More studies are needed to dissect the molecular mechanisms and cellular basis that underlie this asymmetric H3 distribution during ACD of male GSCs. We will discuss potential mechanisms in the later part of this review.
Another interesting phenomenon is a potential faster turnover of preexisting H3 in the GB cells. We found symmetric segregation patterns of both old and new H3 in GSCs undergoing the first mitosis after genetic switch. The first mitosis is before S phase; therefore, new H3 signal is very weak since replicationindependent H3 replacement is not at the genomewide level (Dion et al. 2007 ). However, in the postmitotic GSC-GB pair undergoing S phase, we observed much weaker old H3 signal in the GB compared with GSC (Fig. 1c) . This differential distribution of H3 in post-mitotic GSC-GB is specific because it was not observed in symmetrically dividing progenitor cells with H3 transgene or in the GSC-GB pair with H3.3 transgene [ Fig. 1d and (Tran et al. 2012) ]. We hypothesize that faster histone turnover in GB could erase the epigenetic memory and prime GB for differentiation. This could be another unique feature for adult stem cell ACD because one of the two daughter cells will need to initiate a robust transcription program for terminal differentiation .
Potential mechanisms contributing to asymmetric histone distribution
The finding of differential segregation of preexisting versus newly synthesized H3 during ACD of GSCs suggests coordinated molecular and cellular events in GSCs. First, prior to mitosis, preexisting H3 and newly synthesized H3 have already differentially distributed to the two sets of sister chromatids. Second, during mitosis, the mitotic machinery can distinguish the set of sister chromatids carrying preexisting H3 from the other set enriched with newly synthesized H3, followed by partitioning them to GSCs and GBs, respectively. Here, we will discuss several models to explain this intriguing observation.
Replication-dependent differential H3 deposition onto sister chromatids in S phase GSCs As discussed earlier, DNA replication is a highly regulated process which requires a high degree of cooperation among DNA synthesis, histone synthesis, and incorporation. Because parental H3-H4 tetramer does not dissociate during replication (Seale 1975 ) and H3 and H4 carry the majority of the known histone modifications (Bannister and Kouzarides 2011) , it is possible that H3 and H4 are responsible for transmitting most of the epigenetic information. On the other hand, H2A-H2B dimer readily dissociates from the octamer at replication forks; therefore, they may not be the major players.
However, since eukaryotic cells have multiple replication forks during S-phase, the next question is how all replication forks coordinate the deposition of old versus new H3 onto two sister chromatids, respectively. Because a replication fork is bi-directional, histone loading cannot depend on the difference between leading and lagging strands. It has been reported recently that the two sister chromatids of either X or Y chromosome are segregated asymmetrically during GSC division (Yadlapalli et al. 2011b; Yadlapalli and Yamashita 2013) . However, this asymmetry of sister chromatid segregation does not apply to autosomes (Yadlapalli and Yamashita 2013) , suggesting that the preferential partitioning of old H3 into GSCs is not completely dependent on DNA strand difference.
We hypothesize that it is epigenetic difference that distinguishes the two sister chromatids during the first S phase after genetic switch (Fig. 2a) , which could be different histone modifications. For example, the H3K27me3 mark generated by PcG could be recognized by the chromodomain of polycomb protein. Because polycomb group proteins can dimerize (Min et al. 2003; Lengsfeld et al. 2012; Lo et al. 2012 ) and directly interact with PCNA at the replication fork (Petruk et al. 2012) , it is possible that, through dimerization, polycomb coordinates preferential retention of preexisting H3-H4 tetramers carrying the H3K27me3 mark onto one sister chromatid at the replication fork (Fig. 2b) . Epigenetic marks on preexisting histones may contribute to maintain unique gene expression pattern in stem cells. Although H3K27me3 was not detected at replication forks in Drosophila embryos, it is possible that this phenomenon is different in stem cells because embryonic cells have a fast cell cycle and undergo symmetric cell divisions.
Replication-independent differential H3 turnover at sister chromatids in G2 phase GSCs Another model that may contribute to this asymmetric histone distribution pattern relies on replicationindependent histone turnover. In this model, old and new H3 are incorporated randomly onto sister chromatids during S phase. However, during the subsequent elongated G2 phase (Fig. 3a) , new histones replace old Fig. 2 Replication-dependent histone deposition model. a Cell cycle information: The first S phase after genetic switch is discussed here. b H3-H4 tetramers are retained and loaded in a chromatid-specific manner at the replication fork. PcG binds specifically to old histone H3 that carries the H3K27me3 mark. PcG-PcG dimerization could bridge two H3-H4 tetramers to ensure their incorporation into the same sister chromatid. For simplicity, only one H3K27me3-Pc-Pc-H3K27me3 is shown here ones in a sister chromatid-specific manner (Fig. 3b) . As discussed previously, nucleosomes undergo dynamic turnover at actively transcribed regions or regulatory elements, and either histone variants such as H3.3 (Mito et al. 2007; Deal et al. 2010) or newly synthesized H3 (Dion et al. 2007 ) could replace preexisting H3. In this context, it is possible that sister chromatids have different chromatin states, leading to higher transcriptional activity and faster histone turnover of one sister chromatid compared with another one. This difference could then result in differential distribution of old versus new histones toward the end of G2 phase. This active replacement mechanism is especially appealing since the Drosophila male GSC spend most time in G2 phase [9-10 h out of a 12-h cycle (Yamashita et al. 2003 (Yamashita et al. , 2007 Cheng et al. 2008; Sheng and Matunis 2011; Yadlapalli et al. 2011a) ]. The prolonged G2 may give the chromatin remodeler sufficient time to establish sister chromatid asymmetry through regulation of histone turnover. We observed a higher ratio of preexisting H3 in GSC compared with GB in the first cell cycle compared with the second one [ Fig. 1a and c, (Tran et al. 2012) ], suggesting that random incorporation of preexisting histones onto the two sister chromatids during S phase, followed by sister chromatid-specific turnover in G2 phase, could be involved.
Asymmetric chromatin states between homologous chromosomes have been shown for X inactivation, which requires long noncoding RNAs, such as Xist, to silence one X chromosome in female mammalian cells (Borsani et al. 1991) . Although it is unclear how different chromatin states between two sister chromatids are determined, one possible mechanism is through noncoding RNAs (Bernstein and Allis 2005; Tajbakhsh and Gonzalez 2009; Bonasio et al. 2010; Rinn and Chang 2012) . For example, one sister chromatid could transcribe a Xist-like non-coding RNA, which could then recruit PcG to generate the H3K27me3 mark to spread the silencing effect (Zhao et al. 2008) . Subsequently, different transcriptional activity between two sister chromatids could be established, and the sister chromatid without PcGmediated repression would be more transcriptionally active, resulting in a higher rate of histone turnover. In addition to long non-coding RNAs, RNAi machinery that normally produces small non-coding RNAs has also been shown to establish heterochromatin in fission yeast, suggesting an intimate interplay between noncoding RNAs and chromatin structure (Bayne et al. 2010) . Another example of different chromatin states between homologous chromosomes comes from studies of allelic exclusion, which result in one active allele and one silent allele. This could happen at the transcriptional level such as imprinting due to differential DNA methylation (Ferguson-Smith 2011) or at the post-transcriptional level which results in removal of protein product of one allele (Mostoslavsky et al. 2004 ).
The differential S-phase deposition model and G2-phase turnover model are not mutually exclusive. It is also possible that the asymmetry between two sister chromatids is established at some, but not all, genomic regions during S phase. For example, it was hypothesized that different nucleosomal density exists at particular gene loci due to asymmetric distribution of PCNA and histone chaperones between leading and lagging strands (Shibahara and Stillman 1999) . Different nucleosomal density can lead to differential gene expression (Nakano et al. 2011) or directly affect histone-modifying enzymes, such as PcG activity (Yuan et al. 2012b) . Such an asymmetry could be subsequently expanded to the major, if not entire, chromosomal region during G2 phase, which would lead to a genome-wide epigenetic difference between two sets of sister chromatids prior to mitosis. Future studies to determine the timing and to identify such epigenetic differences between sister chromatids will undoubtedly shed light on the cellular and molecular mechanisms underlying asymmetric histone inheritance during ACD of Drosophila male GSCs.
Mitotic machinery asymmetrically segregates sister chromatids in M phase GSCs
If preexisting H3 and newly synthesized H3 are differentially distributed at two sets of sister chromatids prior to mitosis, the next question is how they are recognized by the mitotic machinery in GSC (Fig. 4a) . According to the silent sister chromatid hypothesis, different epigenetic marks at centromeric region of the sister chromatids could establish their attachment to a polarized mitotic spindle.
In Drosophila S2 cells, CENP-A homolog called CID is recruited to centromeric region at metaphase (Mellone et al. 2011) , which is interspersed with nucleosomes containing canonical H3 (Blower et al. 2002) . In Drosophila embryos, CENP-A is found to be incorporated into centromeres at anaphase (Schuh et al. 2007 ). However, the timing of CENP-A incorporation in male GSCs is unknown. If it happens at metaphase in a sister chromatid-specific manner, it may contribute to the asymmetric segregation of H3 in male GSCs (Fig. 4b) . In addition to CENP-A, centromeric chromatin has a unique histone modification pattern, which may be responsible for their specific functions during mitosis (Sullivan and Karpen 2004; Vagnarelli et al. 2008) . For example, the H3K4me2 mark at centromeric region is required for kinetochore assembly at centromeres (Sullivan and Karpen 2004; Bergmann et al. 2011) . Kinetochore is the protein structure on chromatids whereby the spindle fibers attach to pull sister chromatids apart. Kinetochore facilitates interaction between centromeric chromatin and dynamic microtubules. Components of the yeast kinetochore were reported to divide asymmetrically (Thorpe et al. 2009 ). However, it is unclear whether asymmetric kinetochores also exist in higher eukaryotes. Interestingly, kinetochoreassociated kinesin-7 was reported to regulate sequential congression of chromosomes to the equator in mammalian cells, which may allow temporal difference for mitotic spindle to anchor different sister chromatids (Kapoor et al. 2006) . In Drosophila male GSCs, the mother centrosome was reported to have higher microtubule-organizing center activity (Yamashita et al. 2007) . It is possible that microtubules emanating from the mother centrosome anchor preexisting H3-enriched sister chromatids, possibly through regulation by asymmetric kinetochore, CENP-A, or other epigenetic marks at the centromeric region (Fig. 4b) . Remarkably, a recent study in male GSCs revealed that sister chromatids from homologous autosomes co-segregate even though there is no strand preference (Yadlapalli and Yamashita 2013) . If the asymmetry between preexisting and newly synthesized H3 on sister chromatids has already been established prior to mitosis (Figs. 2 and 3) , co-segregation of sister chromatids from homologous autosomes (~80 % of genome) could greatly facilitate the asymmetric segregation of H3 during mitosis (Fig. 4c) . Motor proteins like Dynein may also contribute to asymmetric chromatid segregation (Armakolas and Klar 2007) .
Concluding remarks and future perspectives
Because stem cells can also divide symmetrically depending on physiological conditions or stem cell types (Morrison and Kimble 2006; Losick et al. 2011 ), it will be interesting to investigate whether this asymmetric histone distribution is a unique feature for stem cells or for asymmetric cell divisions. Studies using Drosophila follicle stem cells demonstrate that cells could gain epigenetic stability during differentiation (Skora and Spradling 2010) , suggesting that not all stem cells maintain a more stable chromatin structure than differentiated cells. Furthermore, a recent study reported asymmetric epigenetic regulation in establishing a bilateral asymmetry in Caenorhabditis elegans neurons (Nakano et al. 2011) , suggesting that asymmetrically dividing differentiated cells may also require different epigenetic information. The assays we developed can be applied to other biological systems to understand how epigenetic information is maintained or reconstructed The second M phase after genetic switch is discussed here. b At metaphase, microtubules from mother centrosome attach to sister chromatids enriched with old H3 through unknown epigenetic marks at the centromeric region and, possibly, the asymmetric kinetochore structure. Two pairs of sister chromatids from homologous autosomes are shown here. c Co-segregation of sister chromatids from homologous autosomes greatly facilitates asymmetric H3 segregation in anaphase GSCs during cellular differentiation. We expect to see more exciting advancement on understanding epigenetic inheritance in endogenous stem cell systems in the near future.
